Wildlife tourism is often extolled for its contribution to conservation. However, understanding the effects of tourism activities on the health of target animals is required to fully assess conservation benefits. Shark tourism operators often use food rewards to attract sharks in close proximity to tourists, but nothing is known about the contribution of these food rewards to the energetic requirements of target species. In this study, hand feeding of bull sharks Carcharhinus leucas was directly observed on 36 commercial shark watching dives in the Shark Reef Marine Reserve (SRMR), Fiji. Mean number of tuna heads consumed per dive by focal individuals ranged from 1.3 to 3.7. Monitored bull sharks consumed an average of~0.74 heads per provisioning day, and bioenergetics modelling suggests that some sharks might periodically be meeting their full energy requirement from provisioning at the SRMR. Knowing how much individual sharks consume at provisioning sites and how this relates to their energy requirements is crucial in order to better understand the effects of wildlife tourism and its contribution to conservation.
Introduction
Shark and ray (elasmobranchs) tourism today is a global industry, occurring in approximately 85 countries (Gallagher et al., 2015) . Yet, despite the ever-growing popularity of shark tourism and number of operators that often use food rewards to attract sharks in close proximity to tourists, published information on the effects of provisioning activities on animal behaviour and health is only available for 17 species from 11 locations (Brena et al., 2015; Barnett et al., 2016) . Generally, baseline biological data are missing for many aspects of shark provisioning for most species. For example, information such as consumption rates of individual sharks and energy content of provisions and prey, which could be used in bioenergetics models to estimate provisioning effects on energetics, is not available (Barnett et al., 2016) .
Residency patterns and site fidelity to provisioning sites vary within and between species (e.g. Clarke, Lea & Ormond, 2011; Maljkovi c & Côt e, 2011; Brunnschweiler & Barnett, 2013) , and the amount of food consumed at provisioning sites is also likely to vary between systems. For example, Maljkovi c & Côt e (2011) found that 11% of all individual Caribbean reef sharks Carcharhinus perezi recorded at a provisioning site in the Bahamas took over 50% of the bait on offer. At Osprey Reef in the Coral Sea, Australia, Fitzpatrick et al. (2011) noted that only a small proportion of grey reef sharks Carcharhinus amblyrhynchos present at the provisioning site manage to feed during a provisioning event. Moreover, of 158 whale sharks Rhincodon typus identified, 54 (34%) were observed feeding at a provisioning site in Oslob Philippines (Araujo et al., 2014) . Adding to the variability is that also the amount and type of food being used varies considerably among dive operators in different locations. Whereas some operators chum (Laroche et al., 2007) , others feed whole fish heads (Brunnschweiler & Baensch, 2011) , or fresh or frozen small fish, cut bait or stripped carcasses (Fitzpatrick et al., 2011; Maljkovi c & Côt e, 2011) .
Bull sharks Carcharhinus leucas are a popular target of provisioning in several countries, notably Fiji, the Bahamas and Mexico, yet nothing is known about the impact of provisioning on the daily ration of bull sharks, or of the significance of provisioned food in the context of the energy requirements of the species. To address these issues, this study aims to (1) quantify individual bull sharks visitation to a provisioning site in Fiji, (2) determine the rate individual bull sharks feed when present and (3) estimate the contribution of provisioning to daily energetic requirements of individual bull sharks.
Materials and methods
All data for this study were collected by the author JMB (observer; Fig. 1 ) on 36 commercial shark watching dives (sampling dives) between 11 January and 31 March 2008 (n = 31), and 7 and 13 February 2009 (n = 5) in the Shark Reef Marine Reserve (SRMR), Fiji. January to March is typically the peak residency period for bull sharks (Brunnschweiler & Baensch, 2011; Brunnschweiler & Barnett, 2013) .
The SRMR, to the best of our knowledge, is unique because since 2003, the reef patch on the southern coast of Viti Levu is visited 3-4 times per week by a single dive operator who hand feeds sharks, and a detailed database comprising presence-absence data for various fishes and oceanographic parameters is maintained (Brunnschweiler, 2010) . For a detailed description of the study area and the dive protocol as well as species composition and relative abundances of sharks at this provisioning site, see Brunnschweiler & Baensch (2011) and Brunnschweiler, Abrantes & Barnett (2014) . Briefly, a Fijian feeder who has been feeding sharks in Beqa Lagoon for more than 10 years, hand feeds bull sharks with tuna heads (Thunnus alalunga and Thunnus obesus) out of a stationary metal bin at 16 m (Fig. 1a) . Sharks will only get a tuna head if they approach the feeder from the left. The observer was positioned approximately 2.5 m to the right of the feeder (Fig. 1) . Data collected on each sampling dive were (1) feeding duration (time from opening the bin until the last tuna head was fed or closing of the bin) and total number of tuna heads taken by sharks, (2) presence of bull shark individuals identified based on external markings (Brunnschweiler & Baensch, 2011; Fig. 1b) and (3) number of tuna heads taken by individual bull sharks. Anecdotal observations were collected from the feeder during the study regarding the behaviour of individual bull sharks.
Encounter and feeding rates were calculated for 10 bull sharks (focal individuals) that were present on ≥10 sampling dives during the study period. Encounter rate was calculated by dividing the number of sampling dives on which the individual was present by the total number of sampling dives (n = 36); feeding rate was calculated by dividing the number of sampling dives on which the individual fed by the total number of sampling dives the individual was present. Therefore, a value of 1 indicates that the individual was encountered on every sampling dive or fed on every sampling dive when present, respectively. For each focal individual, a feeding index was calculated by multiplying feeding rate with mean number of tuna heads consumed per dive. The feeding index allowed an evaluation of the frequency of feeding (feeding rate) and the amount of food intake (mean number of tuna heads). Lastly, for each focal individual and sampling dive, the percentage consumed by this individual of the total amount of tuna heads fed on that day was calculated.
Eight focal individuals have been encountered at the SRMR since 2006 or before, whereas sharks nicknamed 'Bumphead' and 'Scar' were first observed at the feeding site at the end of December 2007 and in early January 2008, respectively, shortly before the study was started (Table 1) . All focal individuals were adult bull sharks (two males and eight females; Table 1 ) and 'unequivocal' or 'easy' to identify based on body markings and encounter rates (Brunnschweiler & Barnett, 2013; Fig. 1b) . For all metrics, mean AE SD were calculated. Bull sharks encountered in the SRMR are predominantly large animals with the majority being around 2.8 m (Brunnschweiler & Baensch, 2011) . This mean length corresponds to an estimated weight of 200 kg (Branstetter & Stiles, 1987) . They spend the majority of their time below 20 m in water with an average temperature of 27°C (Brunnschweiler, Queiroz & Sims, 2010) . To estimate daily energy expenditure of bull sharks at the feeding site, we adopted routine metabolic rate estimates from a previous study on captive bull sharks (Schmid & Murru, 1994 ) that incorporated measured feeding rates into a bioenergetics model, and estimated daily energy expenditure of 78 kg bull sharks at 24°C as 5.7 kcal kg
À1
. To correct for the larger body mass of bull sharks at the SRMR, we used the allometric exponent of 0.79 identified in a recent comparative analysis of shark mass versus swimming metabolic rate (Payne et al., 2015) , and to correct for the slightly increased temperature we adjusted our energy expenditure value using a Q10 of 1.65 (after White, Phillips & Seymour, 2006) . Extending results from captive measurements to the wild may underestimate field metabolic rate to some degree, as wild sharks might be more active than captive ones. Nevertheless, our use of species-specific feeding measurements and correction for mass and temperature using established principles is likely to provide the most accurate estimates possible given currently available data. To estimate the energy content of the tuna heads which the sharks are fed, an entire tuna head (T. obesus) was minced and three samples of the minced head were weighed before and after drying (for 2 days), and sent to the University of New England, Armadale, and analysed in an IKA C7000 bomb calorimeter (https://www.ika.com/). The bomb calorimeter measured the heat created from each sample burned under an oxygen-rich atmosphere in a closed vessel surrounded by water; this produces the calorific value (heat of combustion) for each sample (see Lyon, 2015 for description of a bomb calorimeter). The number of days over which tuna heads would fuel bull shark energy requirements was estimated assuming an assimilation efficiency (=the fraction of ingested food that is absorbed and used in metabolism) of 0.73, the generally accepted value for carnivorous fish (Brett & Groves, 1979) , including tropical species such as lemon sharks Negaprion brevirostris (Sundstrom & Gruber, 1998) .
Results
In total, 733 tuna heads were hand-fed to sharks and one giant grouper on 36 sampling dives (mean AE SD 20.4 AE 10.4; range = 0-48). Mean AE SD feeding duration was 32.3 AE 2.9 min. Apart from bull sharks, other large shark species turn up occasionally at the 16 m feeding site (Brunnschweiler et al., 2014) . During the observation period, a sicklefin lemon shark Negaprion acutidens and a tiger shark Galeocerdo cuvier were present on 3 and 2 days, respectively, and collectively consumed 11 tuna heads. Another seven tuna heads were consumed by a giant grouper Epinephelus lanceolatus that was present on 3 days during the observation period. The only sampling day on which no food was consumed by any species was 8 March 2008 (dive duration = 33 min). On that day, only three bull sharks were present at the 16 m feeding site.
Encounter rates of focal individuals ranged from 0.28 ('Granma') to 0.58 ('Scar') (mean AE SD 0.42 AE 0.11; Table 1 ), and feeding rates from 0.3 ('Granma') to 1 ('Hotlips' and 'Flop') (mean AE SD 0.79 AE 0.23; Table 1 ). Mean AE SD number of tuna heads consumed per dive by focal individuals ranged from 1.3 AE 0.6 ('Hook') to 3.7 AE 2.4 ('Bumphead') ( Table 1) . Whereas all focal individuals took minimal one tuna head on days when they were feeding, the maximum number of tuna heads a single individual consumed on a sampling dive was 9 ('Bum') ( Table 1 ). In total, 'Bum' consumed most (n = 64) tuna heads over the course of the study and was overall the individual with the highest feeding index (Fig. 2) . Of all tuna heads on offer on a given sampling dive, the maximum percentage taken by one of the focal individuals present on that day was 50% ('Bum'). On average, focal individuals consumed between 5.8 AE 2% ('Scar') and 24.8 AE 16.1% ('Bumphead') of the total amount of tuna heads fed (Fig. 2) . Combining our data on encounter rates, feeding rates and the mean number of tuna heads consumed (Table 1) suggests that an average of approximately 0.74 tuna heads is consumed per focal individual per provisioning day.
The dry mass of the tuna head was 42%. Bomb calorimetry results indicated that 1 g of tuna head (wet weight) contains on average 1.92 kcal of energy. The energy content of the three tuna head samples was 19.04, 19.12 and 19.18 kcal (average 19.2 AE 0.07 kcal).
Discussion
Knowing how often each of the focal individuals visited the provisioning site (=encounter rate), how often it fed when present (=feeding rate) and how many tuna heads it took on average allows general estimates of the contribution of provisioning to daily energetic requirements of individual bull sharks encountered at the SRMR. Adjusting the bull shark daily energy expenditure estimates of Schmid & Murru (1994) suggests 200 kg bull sharks at 27°C require 1087 kcal day À1 to maintain similar growth rates as the captive animals. The average mass of tuna heads fed in the SRMR is 2.4 kg (Brunnschweiler et al., 2014) , and given 1 g of tuna head (wet weight) contains 1.92 kcal of energy, a 2.4 kg tuna head therefore contains 4605 kcal of energy (using our bomb calorimetry results). The estimate of tuna head energy density is~35% lower than that estimated from another tuna head study (Estess et al., 2014) , so may be considered a conservative estimate of tuna head energy densities in general. This could fuel a bull shark's energy requirements for 3.1 days assuming an assimilation efficiency of 0.73. This represents a requirement of around 2.3 tuna heads per week, or 2.7% body mass per week; lower than the measured ration of~3.5% body mass per week consumed by captive bull sharks (a ration that remained relatively constant over that 5-year growth experiment; Schmid & Murru, 1994) , as would be expected given the allometric scaling of metabolism with mass. With provisioning occurring 3-4 times per week at the SRMR and focal individuals consuming an average of~0.74 heads per provisioning day (see above), we estimate that these sharks consume~2.6 provisioned tuna heads per week, which is similar to our estimate of food required to meet their weekly energy budget (2.3 heads per week). As such, it appears that our focal sharks may be fuelling their energy requirements exclusively from provisioning. However, considering that encounter rates vary widely among individuals and between months and that electronic tracking data show that individuals intermittently leave the area for a few consecutive days, weeks to months throughout the year before returning to the feeding site Brunnschweiler & Barnett, 2013) , at the most this may only be the case for some individuals at certain times of the year (e.g. at the beginning of a calendar year, see also below).
The response to food on offer varied between bull shark individuals. Similar to observations from other shark feeding dive sites (Fitzpatrick et al., 2011; Maljkovi c & Côt e, 2011) , individuals consume different amounts of food and not all individuals that are attracted to these sites actually feed. For example, on 7 February 2008, the estimated number of bull sharks present at the 16 m feeding site was 15. Six of them were focal individuals of which three (50%) fed. 'Grin', 'Whitenose' and 'Hotlips' each fed one tuna head which was 20% of the tuna heads fed to sharks on that day (n = 15). Notably, 'Bum' which was the individual with the highest feeding index overall (Fig. 2) was present but did not feed. The previous three sampling days, 'Bum' was present and fed a total of 16 tuna heads; on 8 February, 'Bum' was again present and consumed 6 tuna heads. After that and until the end of the sampling period in 2008 (=18 sampling days), 'Bum' was present occasionally, always fed but in total less tuna heads (n = 20) than between 4 and 8 February (n = 22). Contrary to 7 February, on 7 March 2008, the estimated number of bull sharks present at the 16 m feeding site was 10. Of these, six, including the two focal individuals 'Grin' and 'Bum' were individuals that could be identified based on external markings. All tuna heads (n = 10) were consumed by only three bull sharks, 'Bum' (n = 4), 'Grin' (n = 3) and an unnamed individual that could be identified based on a temporary external tag (n = 3). Whereas some individuals (e.g. 'Bum') were regular visitors with a high feeding rate consuming more tuna heads on average, leading to a high feeding index (Table 1 ; Fig. 2 ), other bull sharks (e.g. 'Granma') came less often to the feeding site and only occasionally took few tuna heads from the hand of the feeder (Table 1) .
In addition to intraspecific variability, anecdotal information suggests that seasonal variation in bull shark feeding behaviour can also be observed at the SRMR. Bull shark abundance varies seasonally with more sharks coming to the feeding site at the beginning of a calendar year (Brunnschweiler et al., 2014) . Days with no or very few bull sharks present typically occur in the months of November and December when sharks leave for reproductive activity (Brunnschweiler & Baensch, 2011; Brunnschweiler & Barnett, 2013) . When returning to the SRMR, sometimes after weeks to months of absence (Brunnschweiler & Barnett, 2013) , bull sharks are anecdotally reported to be generally more 'hungry', taking more tuna heads more voraciously. This may indicate that individuals that reproduced refuel at the SRMR. The contrary, that is, that bull sharks fuel up before leaving the SRMR for longer time periods has not been observed.
The foremost limitation to this study is that data and inferences are based on 10 individuals observed on 36 days. These 10 individuals may be bolder than other bull sharks encountered at the SRMR and thus predisposed to take food and, hence, the patterns found for these individuals may not reflect all the bull sharks in the area. Given the variable number of sharks at feeding events and days individuals are absent from feeding events (Brunnschweiler & Baensch, 2011; Brunnschweiler & Barnett, 2013) , further work is needed to determine the importance of tuna heads compared with natural prey in bull shark diets, for example, stable isotope analysis. Furthermore, individual sharks may differ in energy expenditure, therefore, future studies investigating energy expenditure of bull sharks in the wild (e.g. Barnett et al., 2016) may also be beneficial in improving estimates of daily energetic requirements.
Wildlife tourism is often extolled for its contribution to conservation. However, understanding the effects of tourism activities on the health of target animals is required to fully assess conservation benefits. This study highlights the information that can be gained about feeding rates at tourism sites. In combination with information on caloric value of bait and energetics of target species (Barnett et al., 2016) , such data help to get a much clearer picture of costs and benefits of provisioning to energy budgets of terrestrial and aquatic species targeted by wildlife tourism. Such information will eventually be useful in developing best practice guidelines to improve sustainable tourism activities (Trave et al., 2017) .
